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10 INTRODUCTION
(1) Definition of Residual stress
-1
-
..
Residual stresses of the type considered herein are
the initial or "lock~in" stresses which exist within a
structural member when there are no loads on the structure.
Since equilibrium must at all times be maintained, the re-
sultant of internal forces and moments due to these stresses
will be equal to zero.
Residual stresses arise from a number of conditions.
The major ones of these are as follows:
(a) Welding,
(b) Plastic Deformation (Cold Bending), and
(c) Differential Cooling After Hot Rolling.
In this work only the third one of these is considered and
Fig. 1 shows an idealized residual stress distribution of
longi tudinal stresses that would he expected in a WF column
shape. In this figure the negative sign denotes compression;
the positive, tension.
Generally speaking, it can be shown that that part
of the cross section which cools slowest will remain in
residual tension. For the type of section in question this
would occur where the flanges and the web join. The actual
distribution, however, will depend primarily on the geometry
of the various elements comprising the cross section.
Longitudinal residual strains superimpose with other
strains in exactl~ the same way and to the same degree as
strains arising from other sources superimpose within the
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elastic range. It can therefore be shown that residual
stress has a definite influence upon the average or nom-
inal stres.s-strain relation of a structural steel member
as a whole.
-2
(2) Importance of Residual Stress on Column Strength
As early as 1888 residual stresses were investigated•.;~
It is interesting to note~ however, that the effect of these
stresses on column strength has only been consiC;iered in re- ..,
\
cent years. Figure 2 illustrated for a general stress-
strain relationship (one which included the influence of
residual stresses) the influence of residual stress on column
strength.
At Fritz Engineering Laboratory, Lehigh University,
investigations of residual stress and compressive prqper-
ties of ASTM A-7, mild structural grade steel have been
carried-out. It was found, in that investigation, that for
such "as-delivered" steel columns, the maximum reduction in
column strength due to residual stress may amount to as
much as 35 per cent(4) .
. In Reference 4, which deals with the behavior of
columns of A-7 steel, the general equations of the column
curves in terms of the tangent modulus were given as follows:
for bending in weak axis
Ocr (L) 2
r
(1)
- - - ........ - - - .... - -- - - .... - '..". - -,;- - - - - - - - - - - - -
.;i- Salmon, E. H., "Columfis" Oxford Tech. Pub. (1921)
. \
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for bending in strong axis
-3
Ocr ( 2)
These were obtained by assuming a general pattern 01' residual
stress of the type shown in Figo 10 't" in each 01' these
equa'tions corresponds to the ratio 01' the tangent modulus to
Young Rs modulUis fo:r the stress in questiono That is $
In equations (1) ?.n.d (2).i t is assumed that Et (and:
thel>eb'y '1';) Villll be determined from a stub column testo (For
a deta.iled descript:ion o:f this procedllre j see Re1'erence 4.)
:rhe theoY'etical methods mentioned above have been
veri1':i.ed by tests 01' mi,ld structural' steel columns (4).
The purpose of this wO:l:"k is to further corroborate the
theo:r'etical methods by tests of members of high strength
steel (ASTM GradeA~'242 steel) and to correlate and compare
the results with tho,'3e obtained from A= 7 steeL
The 8WF31 shape of A=7 steel is one 01' the most
commonly used rolled secti.ons for structural columns and
:for this reason i.t was extensively .investigated as part 01'
the earlier study(4) 0 ~IO a.fford a "tie=in" with that work,
this same (8WF31) shape was selected as the member size to
be considered in this investigation.
,I
j
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(4) Material Descriptions
All of the material of this study was from the
same rolling and was produced at the Bethlehem Plant of
the Bethlehem Steel Companyo It is a high tensile 9 ti-
tardum steel' meeting ASTM A=242 Speci,fication. Table 1
gives the chemical properties as supplied by the manu-
facturero The material was in all cases tested in the
as<=:rol1ed condi't:iono It v.ras not rotarized 9 . gaged 9 nor
in any way cold.,,·,straightenedo The measured re.sidual
stresses should therefore be due to cooling alone 0 Fig-
ure 3 shows the specimens as related to their position
in the roll ingo
IIo DESCRIPTION OF TESTS
(1.) Test Program
In s1xmmarY9 the test program for this investiga-
tionwas as follows~
(A) Nine tension coupon tests
(B) Tw'o compression coupon tests
(C) One set of residual stress measurements
(D) One stub column test
(E) Two axial column tests where bending
'was allowed in the weak direction
Column curves VII'ere derived from the foregoing 9 and
were compared against each other. Two columns of length
12 fto and 9 fto (L/r'=72 9 and L/r=:54> were tested as a
-4
Icheck of the 'theoryo Compar:isonswere also made between
the results of this investigation and those obtained from
J..2} 'l~eqsion Coupon Tests
Nine tension coupons were tested, using a 120,000
electron:i.call'y operated 9 screw type Tinius Olsen testing
machine 0 The coupons were cut from the flanges and the
web of the C1'OS8 section 9 as shown in Figure 40 The di~
mensions of these coupons 1tTere according to ASTM Standard(.5)
(full thickness of the material and 1=1/2 ino w'idth over
an 8=ino gage length)o
An 8=ino Moore 8xtensometer connected to an auto~
mat:.ic recorder w'as used to record the strains, and the
rate o,f straining was in each case 3 micro in/in/sec. Some
of the specimens were strained into the "l:;!train hardening
range 9 at which time the strain rate was changed to 30 micro
in/in/sec 0 The Modulus of Elasticity was determined directly
from the recorded load=strain diagramo The percentage of
elongation was computed 9 based on the measurements of the
or:igina1 and the broken specimen as prescribed by the ASTM
Sta.ndard(5) 0 Table 3 summa.rizes the results of these nine
tension coupons 0
J..3) Compression Coupon Tests
~ro compression coupons were tested, using the same
Tinius Olsen Machine that was' used for the tension coupons.
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The specimens were cut from the tip of one of the flanges
-6
That is ~
o
and the center> of the web ~ a.3 shown in Figure 50 The dimen-
sions wereg 006 11 x 00433 11 X lo80"~~ and 0045 11 x 00288 11 X 1035",
respe ctivelyo These dimension.s .followed the recommendations
of Research Committee A of the Column Research Counciloo
b ::::> t
L~ 405t
L ~ 2b + g
b<::: g + 2b
where g is the gage length (l/2-ino was used for these
tests) 0 Strains 'VIlere measured by ,means of an averaging
compressometer.r, whose mea.suring element was SR-4 gages.
~he straining rate for these compressive coupon tests was
1 micro :in/.in/sec in both the elastic and plastic ranges.
Coupons rested on a bearing block and were provided
wi th a spher:ic,al bear.ing on top of the specimeno Alignment
under load was carefull'y checked be.florethe testo In these
preliminary (or alignment) tests a load less than one-third
of the estimated yield load was usedo When necessary, thin
aluminum foils -were inserted as shims 0 The alignment was
considered satisfactory when the maximum strains varied no
more than ,:t5% from the average strain valueo The stress-
strain curves .for these tests are shown in Figure 5.
Width x thickness x length
ASTM Bulletin Noo 2l5~ July 1956
~ .; See Reference 6
/.
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(4) Residual Stress Measurement = By Sectioning Method
A direct measurement of the residual strains (and
thereby stresses) was obtained by considering the length of
the specimen in the original material and then measuring it
in the released stateo (That iS J after sectioning.) These
readings were taken over a lO<=inch gage length with a 1/10,000
Whittemore strain gage on a series of previously laid' out
holeso The final strains V\Tere measured after the II-inch
section had been saw'ed into strips of l/2=inch width, each
strip containing a pair of ga'ge holes. A standard 10-inch
mild steel bar was attached to the specimen for correction
of readings due to temperature changes. Figure 6 indicates
the layout used in the sectioning methodo
The residual stress specimen w'as cut near the stub
column. te~st specimen (see Figo 3) 0 It was carefully selecteA
to be free from yield lineso
The resulting distribution of residual stress is as
shown in Figure 7ao It is compared to that obtained for the
A=7 series in Figure 7bo
(,5) Stub Column. Test
The stub column test Has carried out to obtain a
direct averaging stress=strain curve which would take into
account the effect of the ,residual stress distribution
across the whole sectiono
The length of the specimen was selected such that
it 1V'ould be short enough to prevent column buckling and
,.
1
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long enough so that the cutting at the ends~ which some-
what releases the residual stresses, would not affect the
in:i tial stresses in the "gage section" 0 The length se-
lected was 30 incheso The specimen was tested in compres-
sion in an 800~000=lbo screw-type Riehle testing machineo
The ends of the specimen were milled flat and between the
upper end and the head of the testing machine a spherical
bearing block and plates w'ere usedo
strains were measured by both SR-4 gages of one
inch gage length (type A-lI) and a pair of 1/10,000 dial
gages ove1' a 10~, inch gage length acting against a "frame II
attached at the middle of the f1angeso Figure 8 shows
the positions of the strain gageso Near the four tips
of the flanges J the average shortening of the stub column
was also measured 9 using four 1/1000 dial gages and thin
rods between the top and bottom bearing plates. These
corner dial gages were used for alignment 0
The alignment was considered satisfactory when the
maximum deviation of one corner gage from the average of
the four gages 'VITaS wi thin +5%0 The maximum alignment load
W'8.S about one-third of the anticipated proportional limit.
The specimen was whitewashed with a solution of
hydrated limeo This afforded a means of observing the
yielding process during the testo
,
The load increments were determined from the load
strain curve plotted during the testo Above the propor-
-8
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tional limit~ crtterion measurements were made and final
readings were taken when both the load and strains had
stabilizedo
Testing was continued beyond the point at which
the yield level was reached 9 until the load dropped 10
per cent and the specimen was severely buckledo At this
stage 9 two of the 1/10 9 000 dial gages could no longer be
attached to the specimeno
Average stress versus strain for the various gages
is shown in Figure 80
-9
•
(6) Column Test
'Ilhe columns were tested in the same 800 9 000-Ibo
screw=type mach:Lne as the stub columno The axial load
was applied through a set- of- special end fixtureso A
detailed description of these fixtures and test setup
using them is given in Reference 70 Strains were meas-
ured by means of SR-4 gages of type A-II (one inch gage
length) located at the center section and at positions
near both ends of the columns 0 The alignment was checked
by these SR-4 gageso Every reasonable effort was made to
ensure as concentric a loading as possibleo
Both columns were tested such that failure would
occur in the weak directiono Initial crookedness was
measured before the tests and was found to be essentially
of a II single curvature type II 9 having maximum values equal
to 3/16=ino and 3/32=ino for C-l and C-20Thecorresponding
ft
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ec/r2 values were 00186 and 00093 respectivelyo A small
eccentricity of the application of load was adjusted
during the alignment such that the effect of the initial
deflection to the load~deflection relationship was par-
tially compensatedo
During the testy deflections were measured by means
of a transit and three 1/100 inch scales clamped tightly to
the flange of the column at the center section and near both
endso The center line deflection curves are shown in Figures
9 and 100
While testing y load"" strain and load- center defl.e c-
tion curves were plottedo The load increments were selected
from a consideration of the 10ad'Qcenter deflection curve.
Criterion measurements were made when the load approached
the critical valueso These specimens were also white-
washed so that the yielding process could be followed
during the testo
1110 TEST RESULTS AND Po COMPARISON WITH
THE A-7 STEEL TEST SERIES
(1) Coupon Test
The results of the tension and compression coupons
B.re listed in Table 4 and Table 5y respectivelyo The re-
suIts obtained for the A=7 steel members having the same
shape (8WF3l) are also giveno
The YoungYs modulus of the coupon tests was ob-
-11
f
tained i'rom an enlarged stress=strain diagram by direct
measurement. The proportional limit was determined from
thj.s diagram as the point at which deviation from linearity
first occurred. The yield stress was the average stress in
the. plastic range.
Percentage of op/cry was determined for both the A-7
\
and A=242 steels~ as shown in Table 4 and Table 5. For the
tension coupon tests 9 it should be pointed out that the
strain rate was 1 micro in/in/sec. for the A-7 steel and 3
micro ,in/in/sec. for the A-242 steel. For the compression
coupons j however~ both speeds were 1 micro in/in/sec.
(2) Residual Stress Measurement
The residual stress distribution across ,a,section
was computed by using E = 30~OOO~OOO psi and .the measured
residual strains. The maximum value at the flange edge
was found to be 14.8 ksi in compression 9 and at center of
the flange was 1107 ksi in tension. The residual stress
pattern as was pointed out earlier is as shown in Figure
2690 I.A ", -12
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In Figure 7b~ both the results of the A-7 steel
and the high strength steel are plotted for the purpose
of comp,ar.isono It is seen that they have approximately
the same magnitude and distribution. Assuming that this
result is indicative of the general trend, the conclusion
can be made that the effect of residual stress on members
of high strength steel is relatively less than for mem-
bers of the same size of A~7 steel.
Note that in Figure 7a the variation of residual
stress :is very close to the idealized linear cooling re-
sidual stress pattern as indicated in Figure 1.
(3) Stub Column Test
The flanges of the stub column specimen of 30
inches length buckled as indicated in Figure 8 before
the full yield stress level could be reachedo The stress-
strain diagram therefore dropped instead of maintaining
a relatively constant yield level. In general, it has
been found that this phenomena can be expected' if the
flangew'idth to thickness ratio is greater than 17(10).
For the 8WF31 shape, the value of b/tF is 18.5.
From the stub-column tests, it was found that the
¥oungUs M~dulus E = 31,200,000 psi and the proportional
limit 0p =. 3902 kai. The yield stress was 56.4 ksi. The
first yield line, as determined by flaking of the white-
wash, occurred at the flange edge at 51 ksio In the web,
the first yield line appeared at a stress equal to 55.5
-13
ksi (about one kip smaller than the yield stress) 0
The nominal stress-strain curves obtained from the
lO-inch gage length dial gages and the SR~4 strain gages
are plotted in Figure 80 The average compression coupon
test result is also plotted for comparision. Since the
SR-4 gage has only a one~inch gage length 1 the strain
readings could be seriously affected by the yield condition
w'ithin its length. The column curve was therefore deter-
mined from the IO=inch gage stress-strain curve.
The stress-tangent modulus diagram (Figure 11) was
obtained by measuring the slope of an enlarged version of
the stress-strain curve for the lO-inch gage at certain
stress values. From Figure 8 and Figure 11 the column
curve w'as construe ted as shown in Figure 12, with the assump-
tion that the residual stress pattern has a linear variation
( 10 (2) ) and that the influence of the web could be regIe cte1q..
The maximum reduction in column strength (for bending in the
weak direction) was found to be about 22 per cent less than
the idealized column strength neglecting residual stress,
and occurred at a slenderne$s ration of 74. As pointed out
earlier j for members of A-7 steel the maximum reduction in
some cases has been as high as 35 per cent for bending in
the weak direction.
Table 6 gives the comparison of the values obtained
from the compression coupons and the stub column test. As
w'ill be noted, the E values did not agree very well. This
26901A
was possibly due to the inaccuracy of the gage "factor of
the compressometer used in the compression coupons. The
value of the gage factor was taken as the average value
of the results from three calibrations ~ each of which was
slightly differento' Since the values obtained from both
tension coupons and stub columns are identical~ the value
E :=: .31 ~ 200 ksi was considered reliable.
(4) Column Tests
The axially loaded columns of 12 ft. and 9 ft.
(L/r =- (72) and (54) respectively) were tested and their
maximum strengths were piotted on Figure 120 The load
versus center deflection curves w"ere obtained during the
tests (Figure 9 ~ Figure 10).
-14
At the point of bifurcation in the weak direction,
the flange tips are yielded due to residual stress and the"
stress due to the externally applied axial load. The
effective stiffness of the column is therefore reduced over
that of the fully elastic case. Once the column starts
buckling~ it will continue to deflect at a relatively fast
:rate until equilibrium can again be restored. As a result,
it is extremely difficult "to obtain any data within this
range for a column with a slenderness ratio in the neighbor-
l;1oodwhere the Euler curve and the yield stress meet. Column
C=l in Figure 9 is aq indication of'this phenomen. The cen-
ter deflection changed suddenly from 0.07~inch to 2.5 inches.
For shorter members, however, this condition is not so
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pronounced and unloading points can be obtainedo These
are shown in Figure 10 .for test column C=2o
During the tests$ deflections .from the straight
configuration were observed before the theoretical tan=
gent modulus load was reachedo This no doubt was due to
the imperfection of the alignment and the initial crooked-
ness of the columns 0 The maximum load obtained .for C-l
IiIre.s 40003 kips and that for C= 2 was 42105 kips)) while the
predicted values .from stub column test results were 398
the same shape 8WF31 are shown in Figure 13. The para-
meters are determined from the relationship
Ocr = ,fE(El) 2
r
or !!::I. = 1-
Ocr Tr2
°J (L)2
E r
and 1.)-.. - -,;;;;-.-1~
, 0y
:If L_ ...Jl. _
"Ii E r
IVo CONCLUSIONS
1. Residual stresses are present in high strength
steels and they do affect the carrying capacity of com-
pression memberso
20 For the one section studied (Figure 7b= 8WF31),
269.lA =16
I
.,
the magnitude and distribution of resiwlal stresses are
comparable to those of the ,ft."'7 series •
3. Since the residual stresses .in the A=.242 study
and in the A= 7 invest;igat.ion were abou.t equa1 9 and since
their yield points are quite different:. the relative in=
.,'..
:rluence of residual stress on the compressive strengths
of members of high strength material is less pronounced.
40 Because the yield points are materially different:.
however 9 the· maximum deviation due to residual stress would
occur in relatively shorter members for the high strength
mater.ial (maximum deviation at L/r := 75) than for the A=7
(maximu.m deviation at L/r ~= 90). For the weak axis con=·
dition~ the maximum reduction due to res.idual st:ress 9 as
compared to the full yield value :.Fy :. vlfOuld be 22 per cent
and 35 per cent'~f respecti velyo
50 A,s mentioned in the beginning of this r'eport 9 the
high strength materials tested were from the same ingot.
Therefore the conclusions apply in the strictest sense to'
only this one ·situation. It is considered 9 however, that
they are indicative of the general trend to be expected.
If more conclusive results are required, further investi=
gations on various shapes and rollings should be made.
Reference 49 page 19
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Web thickness
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Cri tlcal stress (Correspon& to elastic
buckling load)
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'"' TABLE 1 =. CHEMICAL PROPERTIES OF 81rlF31
HIGH STREliJ"GTH TITANIUM STp:EL
~
=20
..
Chern"" C Mn p S Va Tiieals
% 0,,15 1009 0 0027 0 0027 0 0 04 0 0 013
Chem~
iGals Si Ni Cr Mo Cu
.' .
% 0 022 0,;08 0 0 05 0,,02 0 0 14
TABLE 2 - PHYSICAL PROPERTIES OF 8WF.31
HIGH STRENGTH TITANIUM STEEL
Thiemess· Yield Point Tensile Strength Elon~ation
~..~.., psi psi
..
0029 55~ 720 . 76,720 21 0 6
The above reports were supplied by the Manuracturer .
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TABLE 3 ~ SUMMARY OF TENSION COUPON RESULTS
T1 '1'2 T
'1'4
8WF31 (High Strength) '1'5
'1'6
T7 '1'8 '1'9
=21
..
,..
, .
Spe... E 6p 6yu 6y(st) 6 6u1t % %Areacimen , y E1ong- Reduc...
No o ksi ksi ksi kei ksi ksi ation tion
TJ. 30/400 45 59 020 55084 5402 76048 28 028 59 025
'1'2 30,560 4104 55064 51041 5100 76048 28015 58093
T 31,600 4507 57054 54062 5501 76.001 26035 53065,,3
TJ+ 32,800 46 56046 52074 5406 74062 2005 53015
':l'5 32,260 - 61052 55007 5503 76 004 27095 48039
'1'6 30,000 4508 57058 53.,,19 53,,8 75 016 28019 52 053
'1'7 32,000 4605 57092 53076 57,,0 75 068 30040 58,,14-
'1'8 30,860 4209 55,,25 51039 5205 75062 24019 55 .. 59
'1'9 31,640 - 60096 51039 56,,7 75,,31 3J.. 53 60 0 28
":"" .•".
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TABLE 4 - COMPARISON OF AVERAGE TENSION COUPON RESULTS
OF A-7 AND A-Zit?· STEELS
(All Valuea in kai)
6p
Type Shape E 6p Or (n): 6y %-6y
Flange 30,010 32.00 39 01 3704 8505
A-7 8WF31 Wel> 29,270 2707 4206 3507 7707
Weighted 29 J 820 3009 3.909 37 00 83
F1.ange 31/ 180 4403 5804 5404 8106
A-21t2 8WF3~ Web 31,690 4509 5805 5406 84
Weighted 31 300 4406 5804 5405 82
J I
-22
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TABLE. 5 ... COMPARISON OF AVERAGE COMPRESSION COUPON RESULTS
OF A-7 ANDA-242 STEELS
(All Values in ksi)
Type Shape E Op 6y %~~ Oy.
Flange 28,940 3004 3906· 77
A-7· 8W.F31 Web· 30,000 3000- ·4.J~j 6905
._.
..
We1gb:.ted 29,200 3003 40,,5 75,
..
Flange 29/ 850 4508 54 02 8404
A-242 8WF31 Web 29,680 4409 5701 79
Weighted 29,830 4505 5409 8208 ..
The A~7 Values are taken from Re,erence 4
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TlBLE 6 - COMPARISON OF COMPRESSION COUPON
AND STUB COLUMN TEST RESULTS
(8WF3l-A-2~)
(All Values in kai)
A-242 Steel d~ Ratio of ~i~E 6,- () 6yp
. Stub Column '3102 x lOa· 39.2 5604(1) 0086 . 1 0 025Average -.
Compressio:q. 29 0 8 x lOa 45f5 > 54p9
Coupon (2)
"
TABLE 7 .... TABLE OF SPECIMEN NUMBERS
Ten:31.on Coupons Tl, T2, T3, T4, T5, T6 '17, '18 . '19, ,
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